ABSTRACT
INTRODUCTION
Exposing cells to electric pulses can render their plasma membranes permeable to otherwise nonpermeant molecules. This phenomenon, referred to as membrane electropermeabilization (sometimes called electroporation), depends on the number of pulses delivered, pulse duration and pulse amplitude. With these parameters properly chosen, electropermeabilization is reversible, and the cells return to their normal physiological state. Internalization of various molecules using this method has found applications in oncology (9) , genetics (11) , immunology (7) and cell biology (4) .
Before the method is routinely used, pulse parameters for the best possible yield of reversible permeabilization have to be determined. In general, with a given number and duration of pulses, pulse amplitudes that are too low do not lead to permeabilization at all, while amplitudes that are too high lead mostly to irreversible permeabilization and therefore to cell death. Quantitatively, this can be characterized by two pulse amplitudes, as shown in Figure 1 -the first leading to permeabilization of 50% of the cell population (P 50% ) and the second leading to death of 50% of the cell population (D 50% ). D 50% is determined by the viability of the cells exposed to electric pulses; this is easily assessed either by their cloning efficiency (13) or by an MTT assay (5) . P 50% is usually evaluated through the uptake of propidium iodide, a fluorescent dye activated by binding to DNA (2) . Other dyes sometimes used for this purpose include trypan blue (14) and lucifer yellow (6) . The latter two methods, however, have considerable weaknesses. Namely, trypan blue is a stain actively excluded from living cells, and the process of exclusion depends on the level of cellular ATP. Since the latter is perturbed by electropermeabilization, this biases a quantitative evaluation. Lucifer yellow fluoresces both inside and outside the cell, and thus the cell suspension has to be washed and centrifuged two or three consecutive times before the measurement. Because the centrifugations are performed immediately after electropermeabilization, this might lead to the death of certain cells that would otherwise survive the treatment.
Because propidium iodide binds to cellular DNA, it remains in the cell once internalized. In addition, propidium iodide only fluoresces when internalized, and thus no washing of the cell suspension after the exposure to electric pulses is required. The percentage of permeabilized cells is then efficiently measured on a flow cytometer (12) . Because of this, the propidium iodide method is widely established today. However, despite its advantages over the alternative methods, it has three substantial drawbacks ( Figure 2 ): ( i ) though various calibrations can be performed, the minimum fluorescence intensity for characterization of electropermeabilized cells is largely chosen arbitrarily; ( ii ) the cells that disintegrated because of intense electropermeabilization cannot be detected, which biases the calculated percentage of electropermeabilized cells; and ( iii ) the cellular ghosts that are devoid of fluorescence because of leakage of DNA caused by electropermeabilization are incorrectly detected as nonpermeabilized cells.
Here, we present a simple and inexpensive method that eliminates the drawbacks of the propidium iodide method. Exposure to electric pulses in the presence of bleomycin, a cytotoxic agent that cannot permeate through an intact plasma membrane (10), leads to selective death of the electropermeabilized cells, and the survival is determined by the cloning efficiency. In the absence of electric pulses, a 5-nM concentration of bleomycin causes no statistically significant effect on cell survival, yet this concentration is sufficient for lethal toxicity in electropermeabilized cells. The cloning efficiency normalized to the control gives a reliable value of the fraction of nonpermeabi -
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lized cells. By subtracting this value from 100% at each pulse amplitude, one obtains the cell permeabilization as a function of the pulse amplitude. As with the propidium iodide method, P 50% can then be assessed by nonlinear regression of the experimental data.
MATERIALS AND METHODS

Cells
DC3F cells, a line of spontaneously transformed Chinese hamster fibroblasts (3), were grown in monolayers at 37°C and 5% CO 2 in a Universal Jacketed Incubator (Forma Scientific, Marietta, OH, USA). Flasks (150 cm 2 ) were used for general cultivation, and 60-mm petri dishes were used for cloning efficiency assays (both from TPP, Trasadingen, Switzerland). The culture medium consisted of Eagle minimum essential medium (EMEM) 41090 supplemented with 10% fetal bovine serum (both from Life Technologies, Rockville, MD, USA), 100 U/mL penicillin and 125 µg/mL streptomycin (both from Sarbach/Solvay Pharma, Brussels, Belgium).
Exposure to Electric Pulses
After trypsination with trypsin-EDTA (Life Technologies), cells were centrifuged for 5 min at 1000 rpm in a C312 centrifuge (Jouan, Saint Herblain, France) and resuspended at 2 × 10 7 cells/mL in Spinner minimum essential medium (SMEM) 21385; (Life Technologies), which is a calcium-depleted modification of EMEM. A 50-µL droplet of the cell suspension was placed between two flat stainless steel electrodes 2 mm apart, and monophasic rectangular electric pulses were then applied with a GHT 1287B electropulsator (Jouan).
Determination of Electropermeabilization with Propidium Iodide
Before the exposure to electric pulses, propidium iodide was added to the suspension in the amount leading to 100-µM propidium iodide concentration. After the exposure, cells were incubated for 10 min and resuspended in PBS (Life Technologies). A FACSort™ flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) was used to assess the percentage of permeabilized cells (Figure 2 ). Excitation was set at 488-nm wavelength and emission was detected at 640 nm.
Determination of Electropermeabilization with Bleomycin
Before the exposure to electric pulses, bleomycin (Laboratoires Roger Bellon, France) was added to the suspension in the amount leading to a 5-nM bleomycin concentration. After the exposure, cells were incubated for 10 min at room temperature and then resuspended in SMEM. After an additional 30 min, cells were diluted in the culture medium to 100 cells/mL, and 4 mL suspension were transferred into each 60-mm petri dish where the cells were grown for five days. Cells were then fixed by a 15-min exposure to 100% ethanol (Carlo Erba Reagenti, Milan, Italy) and stained for 15 min with 1% crystal violet (Sigma). Clone colonies were counted and normalized to the control (no pulses) to get the percentage of cells surviving the exposure to electric pulses in suspension with 5 nM bleomycin. By subtracting this percentage from 100%, the percentage of permeabilized cells was obtained.
Treatment of Experimental Data
All experiments were repeated three times at intervals of several days or more. For each experimental point, mean and standard deviation (N-1) were determined. Using nonlinear regression, the data obtained by the propidium iodide method were fitted to a four-parameter sigmoid curve with x and y as above, and x c = P 50% (bleomycin) and b the two parameters of the sigmoid curve. The use of a two-parameter sigmoid curve is justified by the fact that the bleomycin curves always span from 0%-100%. Furthermore, the parameters obtained by fitting the same data to both sigmoid curves differ only insignificantly (e.g., the values of P 50% differ by less than one part in a hundred).
RESULTS
Cell membrane electropermeabilization as assessed by the propidium iodide method and by the bleomycin method was determined for monophasic rectangular pulses with four typical sets of parameters: one 100-µs pulse, one 1-ms pulse, eight 100-µs pulses with 1-Hz repetition frequency and eight 1-ms pulses with 1-Hz repetition frequency. Figure 3 shows the results of these measurements.
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DISCUSSION
The bleomycin method introduced in this paper has several advantages compared with the established propidium iodide method. The first of these advantages is shown in Figure 3 , where the bleomycin ("BLM") curve spans from 0%-100%, as expected, while the propidium iodide ("PI") curve always starts above 0% and often ends below 100%. The reasons for these differences are explained in the following paragraphs.
0% Minimum of the Bleomycin Method
It must be stressed that the 0% minimum of the bleomycin curves is not a biased artifact introduced by calculation. Without electric pulses, the viability of the cells is not affected even after an 18-h incubation in a culture medium containing 7000-nM bleomycin concentration (1). Likewise, the differences between the cloning efficiency of nonpulsed cells kept in pure suspension and of nonpulsed cells exposed to 5 nM bleomycin for the time of the experiment are statistically insignificant (data not shown). With no exposure to electric pulses, the 5-nM bleomycin method gives 0% electropermeabilization, as expected.
Above-0% Minimum of the Propidium Iodide Method
Cell suspensions necessarily contain a certain fraction of dead cells, essentially due to stress suffered in the handling during the experimental procedure. Since they are not killed by electric pulses, they should be omitted from the evaluation of both cell permeabilization and cell death caused by electric pulses. The bleomycin method excludes these cells automatically because they represent the same fraction in the control as in the assays where pulses are delivered. In the propidium iodide method, those dead cells that have not yet disintegrated fluoresce and appear as electropermeabilized. This inevitably gives an above-zero fraction of electropermeabilized cells in every assay including the control, though electropermeabilization obviously cannot occur if no pulses are delivered.
The propidium iodide curve is often scaled to start at 0% by subtracting the number of cells detected as permeabilized in the control from those detected as permeabilized in each assay. This approach can nevertheless be questioned, as its results depend on the chosen value of the minimum fluorescence of electropermeabilization (Figure 2 ).
100% Maximum of the Bleomycin Method
The bleomycin curve always reaches 100%, which implies that all the cells are electropermeabilized at the corresponding pulse amplitude. This is also supported by the fact that the 100% values are reached at pulse amplitudes significantly below those found to cause 100% cell killing in the medium with no bleomycin (8) . It must be noted that for cell lines with an elevated ability of DNA repair, 5 nM bleomycin might not suffice for the death of all electropermeabilized cells. This would result in a below-100% maximum of the bleomycin curve. In these cases, the lowest concentration of bleomycin that yields a 100% maximum should first be determined, and this concentration should be used for a fully functional method.
Below-100% Maximum of the Propidium Iodide Method
Even at very high pulse amplitudes, the bottom right quadrant of the flow cytometer plot often contains a certain number of particles. These are most probably cellular ghosts devoid of DNA (and thus of fluorescence), which can be the remnants of intensively electropermeabilized cells. Unlike the bleomycin curve, the propidium iodide curve often does not reach 100%, which does not reflect the reality.
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Vol. 28, No. 5 (2000) In each graph, a two-parameter sigmoid curve is fitted to bleomycin data (solid), and a four-parameter sigmoid curve is fitted to propidium iodide data (dashed). For both methods, the sigmoid curves define the corresponding values of P 50% , which are also displayed. Cell death caused by the pulses alone (i.e., in the absence of bleomycin) only became detectable above 1600 V/cm at 1 × 100-µ s pulse, above 1200 V/cm at 8 × 100-µ s and 1 × 1000-µ s pulses and above 600 V/cm at 8 × 1000-µ s pulses (data not shown). With the exception of the last, these pulse amplitudes are far above the respective P 50% values.
Other Features of the Bleomycin Method
The second advantage of the bleomycin method is correct detection of cells disintegrated because of intensive electropermeabilization. The bleomycin method determines cell survival, and the disintegrated cells are evidently included along with the other dead cells. In contrast, the propidium iodide method detects the disintegrated cells in the debris in the top left quadrant. To classify them correctly as permeabilized cells, the number of cells would have to be reconstructed out of the number of debris particles, which is clearly an impossible task.
The third advantage of the bleomycin method is that it needs no arbitrarily chosen limit for the classification of permeabilized cells. With the propidium iodide method, the lower limit of fluorescence intensity must be chosen manually, and an appropriate choice is based entirely on experience. In addition, fluorescence can be affected by the experimental conditions and can also differ between cell lines. The effect of the manual choice of the fluorescence limit is demonstrated in Figure 3 , where the P 50% values given by the propidium iodide method are invariably higher than the ones provided by the bleomycin method. If a lower value of the limiting fluorescence is chosen, the propidium iodide curves are shifted to the right.
The bleomycin method successfully eliminates these drawbacks of the propidium iodide method, but the latter method still has its merits. First, based on the fluorescence intensity, the propidium iodide method gives an insight into the distribution of the uptake among the cell population ( Figure 2) . Second, when the results have to be obtained very rapidly, the propidium iodide method only takes hours, while the cloning efficiency determination in the bleomycin method requires five days.
Finally, the fourth advantage of the bleomycin method lies in its affordability. No sophisticated equipment is needed, and a single package of bleomycin, if properly repacked and stored (e.g., frozen), can last for thousands of experiments.
